ABSTRACT: The heterotrophic metabolism of a forest stream sediment was studied during leaf fall, immediately after a flood that completely scoured and homogenized the first 10 to 12 cm of sediment. After this event, differences were found between the surface sediment (0 to 3 cm depth) and the subsurface sediment (7 to 10 cm depth). Higher extracellular enzymatic and respiratory activities were measured in the surface than in the subsurface sediment. The higher heterotrophic activity was related to the higher quantity and quality of the organic matter, which accumulated in the surface sediment (higher chlorophyll and bacterial densities). The heterotrophic metabolism in the surface sediment followed a marked seasonal pattern that correlated with the variations in the environmental parameters (discharge, nutrients). However, no temporal pattern was observed in the subsurface sediment, less affected by the physical changes (e.g, scouring), where no significant change in any activity was recorded throughout the study period. There was a significant decrease in heterotrophic metabolism in the subsurface sediments. This difference can be attributed to the lower availability of algae-derived matenal in the subsurface sedirnents.
INTRODUCTION
Stream biofilms are microbial populations of bacteria, algae, fungi, protozoans and micrometazoans embedded in a polysaccharide matrix inhabiting rocks, gravels, wood and sediments (Lock 1993) . Microbial biofilms living in the sediments convert allochthonous or autochthonous dissolved organic substances (Naiman et al. 1987 ) into particulate form (Kaplan & Bott 1983 , Bott et al. 1984 . Sediment biofilms develop a key role in the maintenance of the carbon balance in streams (Marxsen 1988 , Meyer 1988 ). In the hyporheic zone, defined as the sediments hydrologically linked to the open stream channel (Findlay 1995) but above groundwater (White 1993) , biofilm metabolism and organic carbon cycling are as tightly coupled as in surface sediments (Barlocher & Murdoch 1989 , Hedin 1990 . The metabolic activity measured in the hyporheic zones is high (Grimm & Fisher 1984, Hendricks 'Addressee for correspondence. E-mail: ssabater@porthos.bio.ub.es , Pusch & Schwoerbel 1994 . The organic matter accumulated in stream sediments is decomposed by bacteria, fungi and occasionally algae, which convert high-molecular-weight molecules to low-molecularweight ones by extracellular enzymatic hydrolysis (Chrost 1990 , Marxsen & Witzel 1991 .
Metabolism of biofilm sediments is affected by physical factors such as hydrology and permeability (Hakenkamp et al. 1993 , Findlay 1995 , leading to heterogeneity in biological and physicochemical patterns in the hyporheic zone (Palmer 1993) . Streambed permeability, mainly controlled by grain size (Findlay 1995) , favours the water exchange between the surface and the hyporheic sediments (Grimm & Fisher 1984) .
In this study we focused on heterotrophic metabolism in the sediment of a Mediterranean forest stream (Riera Major). Organic matter accumulates in sandy stretches, where the hyporheic zone extends up to 50 cm in depth. Sand sediments are therefore an important place of carbon storage and cycling. Our study started immediately after a severe flood occurred in Riera Major in October 1994 that completely scoured all stored materials from the stream bottom and homogenized the stream sediment to a depth of 10 to 12 cm. This event took place before the leaf fall and gave us an opportunity to compare the changes in surface sediment (0 to 3 cm depth) and the subsurface sediment (7 to 10 cm depth) over an 11 mo period, starting from an organic-matter-free situation. Our aim was to find out whether there were differences in utilization of organic matter by the heterotrophic community of the surface and subsurface sediment over time after the flood. The metabolism of the 2 sediment compartments was estimated from the extracellular enzymatic (P-glucosidase, P-xylosidase and phosphatase) and respiration activities, as well as bacterial density and chlorophyll and organic matter content.
METHODS
Study site. Riera Major is an undisturbed secondorder stream located in NE Spain (Sabater & Romani 1996) . The riparian vegetation is well developed and mainly dominated by alders Alnus glutinosa. Development of riparian vegetation restricts the amount of light reaching the streambed during spring and summer, therefore limiting benthic primary productivity (Guasch & Sabater 1994) . Riera Major is an oligotrophic stream of moderately alkaline waters that drains a siliceous watershed (Marti & Sabater 1996) . Average flow was 60 1 S-' during the study period (October 1994 to August 1995) but the mid-October flood increased discharge to 722 1 S-'. Previous experiments performed in this stream provided us with background data about the heterotrophic metabolism of the sediment before the flood (Table l) , which allowed us to control the removal effect of the flood on the benthic activity and biomass. Sampling. Sand samples were taken every 15 d for the first 2 mo after the flood (October to December 1994), and monthly until the end of the experiment (December 1994 to August 1995 . A metallic corersampler (7 cm diameter) was used for collecting sand samples (6 replicates) in a stretch of the stream where leaf accumulation occurred. The first 3 cm of sediment was considered surface sediment, that between 4 and 6 cm was discarded to avoid edge effects and that between 7 and 10 cm was considered subsurface sediment. Sand samples (with a volume of about 2 ml) were placed in sterile glass vials and kept cold in the dark until arrival at the laboratory. Sand samples for bacterial counting were fixed with a 2 % formaldehyde solution (w/v).
At each sampling date, temperature, pH, dissolved oxygen and conductivity were measured in stream and subsurface water. A manual pump was used to sample subsurface water using 2 bores previously installed in the stream. Water samples were filtered through precombusted Whatman GF/F filters and analyzed for inorganic nutrients (nitrate, ammonium and soluble reactive phosphorus, SRP), dissolved organic carbon (DOC) and dissolved inorganic carbon (DIC) (3 replicates per sample analyzed). Nitrate was analyzed by ion chromatography (Kontron) with an IC-Pack anion column (4.5 X 50 mm) and an ultraviolet detector. Ammonium and SRP were analyzed spectrophotometrically (Perkin-Elmer, Lambda2 UV/VIS spectrophotometer) following the procedure of Grasshoff et al. (1983) . The DIN: SRP ratio was calculated as the molar ratio of dissolved inorganic nitrogen (DIN) to SRP. DIC and DOC were measured using a total organic carbon analyzer (TOC-5000, Shimadzu).
Water velocity was measured in the field by recording the increase in conductivity with time after a slug injection of a concentrated chloride solution into the stream water, approximately 50 m upstream from the sampling point (Gordon et al. 1993) . Discharge was calculated from mass balance by integration of the concentration hydrograph (Triska et al. 1989) .
Particulate organic matter (POM) transported by the stream was collected with a net (230 pm pore, 20 X 20 cm) placed in the stream for 2 min. The volume of stream water in the sample was calculated by multiplying the cross sectional area of the net by the velocity of water, and by the measuring time. The material accumulated was dried for 2 d at 110°C and weighed.
Bacterial density, chlorophyll and organic matter content. Bacterial density was measured after sonication of the sand samples for 90 s (6 replicates per sand compartment) (Romani 1997). The samples were then diluted (dilution factor of 10 to 40), fixed and stained with 2 pg ml-I DAPI for 5 min, filtered through 0.2 pm irgalan black stained polycarbonate filters (Nucle-pore) and counted under a fluorescence microscope (Reichert-Jung, Polyvar) under 1250x magnification. 20 fields were counted per filter for a total of 400 to l500 organisms.
Chlorophyll a was measured in surface and subsurface sand samples (6 replicates per type) after extraction in 90 % acetone for 12 h in the dark at 4°C. To complete the chlorophyll extraction the samples were finally sonicated for 4 min. Chlorophyll a concentration was determined spectrophotometrically (Perkin-Elmer, Lambda2 UV/VIS spectrophotometer) after filtration (GF/F Whatman filter) of the extract, following Jeffrey & Humphrey (1975) .
Organic matter in surface and subsurface sand samples (6 replicates per type) was measured as ash-free dry weight (AFDW), after combustion of the sand samples at 450°C for 4 h, and expressed as mg g-' of dry weight.
Microbial metabolism. Extracellular P-D-glucosidase (EC 3.2.1.21), P-D-xylosidase (EC 3.2.1.37) and phosphatase (EC 3.1.3.1-2) potential activities were determined spectrofluorometrically using MUF-(methylumbellifery1)-substrate analogues (4-MUF-P-Dglucoside, 4-MUF-P-D-xyloside, and 4-MUF-phosphate from Sigma-Aldrich). Surface and subsurface sand samples (6 replicates per type with a volume of about 2 ml), formaldehyde-killed controls (sand samples kept in 40 % formaldehyde solution for 30 min before the assay), and MUF-substrate blanks were incubated with 2 m1 of each MUF-substrate solution in filter-sterilized stream water (0.3 mm01 I-', which was high enough to achieve substrate saturation) (Sabater & Romani 1996) . Incubations were performed in the dark with continuous shaking for 1 h at ambient stream temperature. Two blanks of filter-sterilized stream water were also incubated. After addition of 0.05 M glycine buffer, pH 10.4 (1/1 v/v ratio buffer/sample), fluorescence was measured at 455 nm under 365 nm excitation (Kontron, SFM25). Quantification was achieved by calibrating the spectrofluorometer with a standard alkaline solution of MUF.
Respiratory activity (Electron Transport activity, ETS) was assayed by measuring the reduction of the electron transport acceptor INT (2-(p-iodopheny1)-3-(p-nitropheny1)-5-phenyl tetrazolium chloride) to INTformazan (iodonitrotetrazolium formazan) (Blenkinsopp . Six replicates per sample and 2 controls (samples kept in 40% formaldehyde solution for 30 min before the assay) were incubated in 0.02 % INT solution in filter-sterilized stream water. Incubations were performed in a shaker at stream temperature for 10 to 12 h in the dark. INT-formazan was extracted with cold methanol for at least 1 h at 4°C in the dark and sonicated for 2 min. The extracts were then filtered (GF/F filters, Whatman) and the absorbance measured spectrophotometrically (Perkin-Elmer, Lambda2 UVNIS spectrophotometer) at 480 nm. A stock solution of 30 pg ml-' INT-formazan (Aldrich) in methanol was used to prepare a standard curve.
All the samples used for the biomass and metabolic measurements were dry weighed (after 2 d at 110°C) and the results were expressed per g of sand dry weight.
Statistical analysis. Correlation analysis of the metabolic parameters with environmental variables was performed using a product-moment Pearson coefficient. Correlation was also used to elucidate differences in the temporal pattern of microbial metabolism between surface and subsurface sediments. Differences in metabolic activities and biomass between sampling dates were analyzed with a l-way analysis of variance (ANOVA) and compared using a Tukey's multiple comparison test. Differences between surface and subsurface water and sediment metabolism for the whole study period were analyzed by a t-test of paired samples.
RESULTS

Physical and chemical parameters
Physical and chemical parameters in stream water and subsurface water (Table 2) were not significantly different (t-test, p > 0.05). A significant correlation was found between DOC and discharge in surface water (r = 0.75, p < 0.001, n = 51).
The discharge dynamics and POM transported in Riera Major are shown in Fig. 1 . After the main flood in October (722 1 S-'), 2 minor successive floods took place in early November (264 1 S-') and in early December (175 1 S-'). Afterwards, discharge decreased gradually. POM transported in the stream water was very high for a short period (2 to 3 wk), reaching values of 6 to 7 mg dry weight I-'.
Organic matter and biomass
Content of benthic organic matter (Fig. 2a) was slightly but significantly higher in the surface sediment (Table 3) . In this compartment, it reached a peak 2 wk after the main flood, coinciding with the autumnal leaf fall and the highest POM value in stream water, but, due to the large fluctuations, no significant differences were found between sampling dates (ANOVA, p = 0.37). In the subsurface sediment, benthic organic matter was more constant over the study period, with no significant differences observed between sampling dates (ANOVA, p = 0.41). subsurface sediment (Fig. 2b, c) . No sig-Y nificant differences were observed be- (Table 4) . Bacterial densities in Bacterial cell density and chlorophyll content were sigboth compartments were significantly correlated with nificantly higher in the surface sediment (Table 3) , temperature (Table 4 ). where both parameters followed a similar pattern
The chlorophyworganic matter ratio (chl/OM) was (Fig. 2b, c, Table 4 ). Differences between sampling dates calculated for both surface and subsurface compartin tlvs compartment were significant for both chlorophyll ments. This ratio was used as an indication of the 'qual- Table 3 . Extracellular enzymes and respiration activities and biomass on surface and subsurface sediments from Riera Major. VaIues are means and standard deviations for the study penod. Differences between the 2 compartments are expressed by the t-test 'Significantly higher values for the surface sediment. ET'S: electron transport system ity' of the material accumulated in the sediment, since it is related to the different sources of organic matter (autochthonous/allochthonous). Significantly higher values of this ratio were observed in the surface sediment (Table 3) .
Microbial metabolism
Enzymatic and respiratory activites were significantly higher in the surface than in the subsurface sediment (Table 3) .
P-Glucosidase and P-xylosidase activities followed a similar trend in the surface sediment, with significant differences between sampling dates (ANOVA, p = 0.009 for P-glucosidase, p = 0.0001 for P-xylosidase) and a peak in June (Tukey's test, p < 0.05) (Fig. 3a, b) . In subsurface sediments, no significant differences were found between sampling dates (ANOVA, p = 0.31 for P-glucosidase, p = 0.23 for P-xylosidase). P-glucosidase and P-xylosidase activities correlated with chlorophyll density and bacterial density in surface sediment, but only with chlorophyll density in subsurface sediment (Table 4 ). P-Glucosidase activity correlated with P-xylosidase activity in the 2 sediment compartments ( Table 4) .
The pattern of variation observed for phosphatase activity was similar in the surface and subsurface sediments (r = 0.84, p = 0.004, n = 9, Fig. 3c ), differences between sampling dates being significant in the 2 compartments (ANOVA, p < 0.0001). The lowest values were measured in November, increasing later until spring. This activity was correlated with the bacterial density, the D1N:SRP ratio and the discharge, but also with chlorophyll density and DOC in surface sediments (Table 4 ) . Phosphatase activity in the subsurface zone also correlated negatively with SRP (Table 4) .
Respiratory (ETS) activity (Fig. 3d ) was significantly higher in surface than in subsurface sediments ( Table 3) . Community respiration increased gradually in the former compartment, reaching a significant peak in July (Tukey's test, p < 0.05). Subsurface values of community respiration were not significantly different over the study period (ANOVA, p = 0.47). ETS activity was correlated with bacterial density, DOC and discharge in the surface sediment, but no significant correlation was found in the subsurface sediment (Table 4) .
The benthic activities and biomass measured in this study decreased with respect to background data obtained before the flood. There was an important decrease (ca 50 %) in extracellular enzymatic activity, organic matter and chlorophyll, and an even more drastic reduction in respiration activity (ca 70%) and bacterial cell density (ca 80 %) in the stream sediment (Table l ) .
DISCUSSION
The scouring and transport effects of the flood provided excellent conditions for this investigation. After (MeyerReil 1986 , Poremba & Hoppe 1995 , Sala 1995 , the decrease being related to sedimentation and accumulation of particulate organic matter produced in the photic zone (e.g. Cole et al. 1988) . However, vertical variations of hydrolytic enzymes in stream sediments reveal the existence of other factors than those that play a relevant role in planktonic environments. The lack of significant differences between the nutrient content in surface and subsurface water (Table 2) reflects the important water exchange that takes place, partially caused by the sediment grain size (median particle diameter 693.2 pm, Romani 1997). Therefore it is possible that other variables apart from nutrients are causing the metabolic differences observed between the surface and the subsurface sediment.
Two reasons are suggested for these metabolic differences. Firstly, the higher amount of organic matter accumulated in the surface sediment may provide a major quantity of organic carbon to the heterotrophic organisms, and secondly, the higher chlorophyll levels in the surface sediment indicate that there is also a provision of higher quality organic compounds.
In support of the first reason, it has been described that the organic matter content of sediment is important for bactelial colonization and/or as a source of nutrients (Cammen 1982 , Findlay et al. 1986 . This would explain the higher bacterial density found in the surface sediment. It also seems obvious that, if there are no other limitations, a higher quantity of substrate enhances the metabolic processing by the heterotrophs (e.g. Marxsen 1996) .
In support of the second reason, it is well known that the quality of the organic matter affects microbial activity and growth , Barlocher & Murdoch 1989 , Hedin 1990 ), which are enhanced by the availability of more labile compounds (Middelboe & Sondergaard 1993) . The higher quality of the benthic organic matter accumulated on the surface sediment is revealed by the higher chl/OM ratio (Table 3) . Algal material has been defined as 'high quality' organic matter and preferentially utilized by bacteria instead of allochthonous materials (Haak & McFeters 1982) . The importance of fresh organic matter as energy source (indicated by the chlorophyll content) is shown by the significant correlation between the enzymatic activities and chlorophyll levels (Table 4) . Furthermore, the greater amount of benthic chlorophyll in the surface sediment reveals that algae/plant remains can also be a better physical substrate for bacterial attachment than more decayed (less fresh) material. Chlorophyll in the surface sediment is largely from algal detritus; living epipelic algae are nearly absent, and primary productivity is not detectable (Romani 1997) .
In contrast, in the subsurface sediment, the chl/OM ratio is about one third of that detected in the surface sediment. The chlorophyll is probably more degraded, indicating that lower quality material accumulates in this compartment (McKinley & Vestal 1992) . This would also be affected by the reduced mechanical abrasion in the subsurface zone (Metzler & Smock 1990) . The lower respiration and enzymatic activities in the subsurface sediment could also be a result of their inhibition by the more recalcitrant DOC in this compartment (Freeman et al. 1990 , Hedin 1990 .
Apart from empirical differences in the heterotrophic metabolism and biomass, the time pattern in both compartments was very different. The surface sediment showed seasonal fluctuations while a rather constant pattern was observed for the subsurface, as is underlined by the results of the ANOVA analysis. The physical parameters, especially discharge and DOC, affect the benthic metabolism and biomass of the surface sediment (Table 4) . However, P-glucosidase and P-xylosidase activities in the surface sediment seem to be independent of discharge and DOC. It is possible that these enzymatic activities are proportionally more affected by POM input caused by leaf accun~ulation. Both enzymes contribute to the degradation of decaying algal and plant material (Sinsabaugh et al. 1994a, b) and a peak of activity was observed at the beginning of the experiment, coinciding with maximum POM. The effects of the physical parameters (e.g. discharge and organic matter input) on microbial activity are much weaker in the subsurface zone than in the surface sediment (Table 4) .
The different pattern observed for phosphatase suggests that the activity of this enzyme is mainly controlled by nutrient availability, therefore enhanced when inorganic phosphorus is scarce (Whitton 1991 , Klotz 1992 ). The non-significant differences between surface and subsurface nutrient concentrations indicate that this regulation may affect both sediment compartments to the same extent. Decomposing leaf detritus and the accumulated organic material may be substrates of this enzyme in both surface and subsurface sediments (Elwood et al. 1988 , Hansson 1989 .
It can be concluded that metabolic processes are slower and steadier in the subsurface sediment, less affected by the physical changes ( e . g , scouring) that influence surface sediments. However, there was a significant decrease in heterotrophic metabolism in the subsurface sediments. This difference can be attributed to the lower availability of algae-derived material (which is a source of high-quality organic matter) to the biofilm in the subsurface sediments.
